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POLARIZING FILTER AND OPTICAL DEVICE USING THE SAME 



BACKGROUND OF THE INVENTION 
The present invention relates to a polarizing filter used 
for controlling a state of polarization of light to be dealt 
with, and an optical device using the polarizing filter in an 
optical technology field such as optical communication, an optical 
sensor, an optical measuring device, and so on. 

In an optical system applied to optical fiber communication 
or the like, incident light propagated through an optical fiber 
often contains an s-polarized light component and a p-polarized 
light component in an unequal intensity ratio. It is therefore 
necessary to provide a polarizing/optical device having a function 
for compensating for such incident light into a state of 
non-polarized light equal in the intensity ratio of the s-polarized 
light component to the p-polarized light component or for 
polarizing non-polarized incident light to obtain a desired 
intensity ratio of the s-polarized light component to the 
p-polarized light component. 

As the optical device for controlling a state of polarization 
of incident light, there is well known a polarization beam splitter 
having a configuration in which tens of layers of 
high-refractive-index materials and low-refractive-index 
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materials are laminated alternately on a transparent prism or 
on a flat transparent substrate. The polarization beam splitter 
can transmit only the p-polarized light component while it can 
cut off the s-polarized light component perfectly because an 
5 optical multilayer film satisfying the Brewster condition is 
provided in the polarization beam splitter. 

Because such apolarizationbeam splitter uses light reflected 
or transmitted at the Brewster angle, the polarization beam 
j-i splitter is allowed to use light narrow in the wavelength range, 
but can obtain the excellent degree of polarization in each of 
E reflected light and transmitted light, high mass-production 
s '? characteristic and is inexpensive in cost, compared with a 

polarizer using birefringence of a crystal such as a Nicol prism, 
y For this reason, the polarizationbeam splitter is used popularly . 

f0l5 Because the polarization beam splitter is a device provided 

O for separating incident light into the s-polarized light component 

and the p-polarized light component perfectly, the polarization 
beam splitter is, however, unsuitable for compensation for 
polarized light to obtain light with a desired intensity ratio 
20 of the s-polarized light component to the p-polarized light 
component . 

On the other hand, it is known that the transmittance ratio 
of the s-polarized light component to the p-polarized light 
component varies when light is made incident obliquely on a 
25 transparent flat plate such as a glass plate . Apolarizing filter 
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using this characteristic is rather suitable for light compensation 
than the polarization beam splitter. 

In order to make the degree of polarization high by using 
such a transparent flat plate, it was, however, necessary to 
make the incident angle (an angle between incident light and 
a line normal to the transparent flat plate on which the light 
is incident) large. When the transparent flat plate was used 
as an optical device, there was a problem that the size of a 
housing for the device became large. Moreover, when the incident 
angle was made large, it was necessary to use each of the s-polarized 
light component and the p-polarized light component in a low 
transmittance region. Inevitably, this caused a problem that 
the intensity of light taken out was reduced. 

SUMMARY OF THE INVENTION 

The present invention is devised to solve the aforementioned 
problems and an object thereof is to provide a polarizing filter 
which can compensate for incident light to obtain light with 
a desired intensity ratio of the s-polarized light component 
to the p-polarized light component, and to provide an optical 
device using the polarizing filter. 

A polarizing filter is configured as follows. First, a 
plurality of dielectric materials different from one another 
in refractive index with respect to a wavelength of incident 
light are classified into a first group and a second group so 
that the maximum value among the refractive indices of the 
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dielectric materials belonging to the first group is lower than 
the minimum value among the refractive indices of the dielectric 
materials belonging to the second group. At least one layer 
of dielectric thin film selected from the dielectric materials 
belonging to the first group and at least one layer of dielectric 
thin film selected from the dielectric materials belonging to 
the second group are alternately laminated on a transparent flat 
substrate to form the laminate structure. Then, one layer of 
the dielectric thin film having a refractive index which is higher 
than the maximum value selected from the refractive indices of 
the dielectric materials belonging to the first group and which 
is lower than the minimum value selected from the refractive 
indices of the dielectric materials belonging to the second group 
is laminated on an outermost surface of the laminate structure. 

The dielectric thin film brought in contact with the surface 
of the substrate may be selected from the first or second group. 

Further, one to four layers of dielectric thin films selected 
from the first group and one to four layers of dielectric thin 
films selected from the second group are laminated alternately 
on the transparent flat substrate so that a sufficient effect 
can be obtained. 

Preferably, a refractive index difference with respect to 
the wavelength of incident light between adjacent dielectric 
thin films selected from the dielectric materials belonging to 
the first and second groups respectively is in a range of from 
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0.15 to 1.2, both inclusively. Further, preferably, optical 
film thickness of each of the dielectric thin films is in a range 
of 0.25A ± 0.15A in which A is a wavelength of incident light. 

Still further, preferably, in an optical device using the 
polarizing filter, an angle of incidence on the polarizing filter 
is in a range of from 20 to 70 degrees. 

The present disclosure relates to the subject matter 
contained in Japanese patent application No. 2000-261284 (filed 
on August 30, 2000), which is expressly incorporated herein by 
reference in its entirety. 

BRIEF DESCRIPTION OF THE DRAWINGS 
Fig. 1 is a schematic sectional view of a polarizing filter 
according to the present invention. 

Fig. 2 is a graph showing transmission characteristic in 
an example of the multilayer film for use in the polarizing filter 
according to the present invention. 

Fig. 3 is a graph showing transmission characteristic in 
another example of the multilayer film for use in the polarizing 
filter according to the present invention. 

Fig. 4 is a graph showing transmission characteristic in 
a further example of the multilayer film for use in the polarizing 
filter according to the present invention. 

Fig. 5 is a graph showing transmission characteristic in 
a further example of the multilayer film for use in the polarizing 
filter according to the present invention. 



Fig. 6 is a graph showing transmission characteristic in 
a further example of the multilayer film for use in the polarizing 
filter according to the present invention. 

Fig. 7 is a graph showing transmission characteristic in 
a further example of the multilayer film for use in the polarizing 
filter according to the present invention. 

Fig. 8 is a graph showing transmission characteristic of 
a soda lime glass plate. 

Fig. 9 is a graph showing transmission characteristic of 
a quartz glass plate. 

DESCRIPTION OF THE PREFERRED EMBODIMENT 

An embodiment of the present invention will be described 
below. 

It is generally known well that the transmitting or reflecting 
characteristic of a multilayer film structure constituted by 
an alternate laminate of high-refractive-index layers and 
low-refractive-index layers depends on polarized light. 
Generally, at least ten layers are required for perfectly 
transmitting or reflecting either of the s-polarized light 
component and p-polarized light component of incident light. 
When the degree of polarization is allowed to be relatively low 
as described above in the object of the present invention, such 
a multilayer film structure can be realized by a number of layers 
not larger than 9. In practical use, the stability of optical 
characteristicincreases as thenumber of layers decreases, because 



there are more or less variations in the angle of incidence of 
light, variations in the refractive index of each film material, 
variations in the film thickness of each layer, and so on. Also 
taking economy or the like into account, a smaller number of 
layers are preferred. In the present invention, therefore, the 
target number of layers is set to be smaller than 10. 

To find out a film configuration for achieving the foregoing 
object of the present invention, simulation has been made first 
by use of a method called matrix method. The method has been 
described in detail in the reading "Optical Thin Film" (The Nikkan 
Kogyo Shinbun Ltd.) written by H.A. Macleod. 

According to this simulation, the inventors of the present 
application have found out a multilayer film configuration from 
which light in a state of non-polarized light with the transmittance 
of the s-polarized light component equal to the transmittance 
of the p-polarized light component can be made to exit when a 
laminate structure 20 of dielectric films is provided on a substrate 
10 as shown in Fig. 1 and the incident angle 7 of incident light 
5 in which the intensity ratio of the s-polarized light component 
to the p-polarized light component is in a range of from 1:1 
to 5:1 with respect to a certain wavelength is set. Similarly, 
the inventors have found out a multilayer film configuration 
by which non-polarized light with a certain wavelength can be 
polarized into light in which the transmittance ratio of the 
s-polarized light component to the p-polarized light component 
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is in a range of from 1 : 1 to 1 : 5 . The multilayer film configuration 
is basically made in such a manner that one to four layers of 
high-refractive-index dielectric thin films 1 and one to four 
layers of low-refractive-index dielectric thin films 2 are 
laminated alternately on the substrate 10 and that one dielectric 
thin film 3 having a refractive index intermediate between the 
refractive indices of the two kinds of dielectric thin films 
1 and 2 is laminated as an uppermost layer on the alternate laminate 
of the two kinds of dielectric thin films 1 and 2. Configuration 
may be made in such a manner that the dielectric thin film laminated 
first on the substrate is one of the low-refractive-index 
dielectric thin films. The high-refractive-index dielectric 
thin films maybe constitutedby a group of aplurality of dielectric 
materials different in refractive index, and the 
low-refractive-index dielectric thin films maybe also constituted 
by a group of a plurality of dielectric materials different in 
refractive index. In this case, the refractive index of the 
dielectric in the uppermost layer is set so as to be lower than 
the minimum refractive index in refractive indices of the 
high-refractive-index dielectric materials and higher than the 
maximum refractive index in refractive indices of the 
low-refractive-index dielectric materials. 

When the incident angle 7 of light with respect to a normal 
line 9 on a surface of the polarizing filter is selected to be 
in a range of from 2 0 to 7 0 degrees , the aforementioned transmi ttance 
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ratio canbeobtained. Preferably, the incident angle 7 is selected 
to be not higher than 45 degrees so that the size of a housing 
for an optical device can be kept small when the polarizing filter 
is applied to the optical device. 

In the present invention, the flat transparent substrate 
10 is not particularly limited. The surface of the substrate, 
however, needs to be optically flat because an optically coherent 
effect is used. 

Examples of the dielectric materials which can be used in 
the present invention may include: metal oxides such as titanium 
oxide, tantalum oxide, zirconium oxide, niobium oxide, magnesium 
oxide, silicon oxide, ytterbium oxide, hafnium oxide, aluminum 
oxide, etc.; and metal fluorides such as magnesium fluoride, 
calcium fluoride, lithium fluoride, etc. 

The method of forming each of the transparent dielectric 
thin films used in the present invention is not specifically 
limited. Any method selected from various kinds of film- forming 
methods such as a vacuum evaporation film-forming method, a 
sputtering film-forming method, a sol-gel film-forming method, 
a chemical vapor-phase deposition method (CVD method), an 
ion-plating method, and so on can be used. 

Some examples are as follows. 
[Example 1] 

A non-alkali glass substrate with a size of 100 mm x 100 
mm x 1 . 1 mm thick was set in a vacuum evaporation apparatus provided 
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with an oil-diffusion pump. The vacuum chamber in the apparatus 
was exhausted to 0.0025 Pa by using the oil-diffusion pump. 
At the same time the exhaust was made, the glass substrate was 
heated to 250°C by a substrate heating heater provided in the 
apparatus. Then, a 189 nm-thick titanium oxide film (refractive 
index : 2 . 13) , a 286 nm-thick silicon oxide film (refractive index : 
1.46) and a 268 nm-thick aluminum oxide film (refractive index: 
1.62) were formed successively on the glass substrate to thereby 
produce a multilayer film for use in a polarizing filter. 
Incidentally, the optical film thicknesses of the titanium oxide 
film, the silicon oxide film and the aluminum oxide film were 
equivalent to 0.2 6A, 0.27A and 0.28A respectively when the 
wavelength (A) of incident light was 1550 nm. 

Each film material was evaporated by electron-beam heating 
while the glass substrate was rotated in the condition that the 
distance from an evaporation crucible to the glass substrate 
was made 100 cm. For evaporation of the titanium oxide layer, 
an oxygen gas was introduced so that the pressure became 0.012 
Pa. For evaporation of the silicon oxide layer and the aluminum 
oxide layer, no gas was introduced. 

The transmittance of the s-polarized light component and 
the transmittance of the p-polarized light component in the case 
where light with a wavelength of 1550 nm was made incident on 
the film surface of the polarizing filter obtained as described 
above were measured while the incident angle (an angle between 
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the incident light and the normal line on the surface of the 
polarizing filter) was changed variously in a range of from 20 
to 70 degrees. Fig. 2 shows results of the measurement. 

When the angle of incidence of light was made 38 degrees, 
the transmittance intensity ratio of the s-polarized light 
component to the p-polarized light component was 1:1.43. Hence, 
it is apparent that, when the polarizing filter obtained in Example 
1 is used, incident light in a state in which the intensity ratio 
of the s-polarized light component to the p-polarized light 
component is 1.43:1 with respect to a wavelength of 1550 nm can 
be controlled into a non-polarized light state in which the 
intensity ratio of the s-polarized light component to the 
p-polarized light component is 1:1. 
[Example 2] 

A 190 nm-thick titanium oxide film, a 322 nm-thick magnesium 
fluoride film (refractive index: 1.40) and a 286 nm-thick silicon 
oxide film were formed successively in the same manner as in 
Example 1 to thereby produce a multilayer film for use in a polarizing 
filter. The optical film thicknesses of the titanium oxide film, 
the magnesium fluoride film and the silicon oxide film were 
equivalent to 0.2 6A, 0.29A and 0.27A respectively when the 
wavelength (A) of incident light was 1550 nm. 

Incidentally, for evaporation of the titanium oxide layer, 
an oxygen gas was introduced so that the pressure became 0.012 
Pa. For evaporation of the magnesium fluoride layer and the 
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silicon oxide layer, no gas was introduced. 

The transitu. ttance of the s-polarized light component and 
the transmittance of the p-polarized light component were measured 
in the same manner as in Example 1. Fig. 3 shows results of 
5 the measurement . 

When the angle of incidence of light was made 40 degrees, 
the transmittance intensity ratio of the s-polarized light 
component to the p-polarized light component was 1:1.43. Hence, 
it is apparent that, when the polarizing filter obtained in Example 
4S0 2 is used, incident light in a state in which the intensity ratio 
s p of the s-polarized light component to the p-polarized light 
%l component is 1.43:1 with respect to a wavelength of 1550 nm can 
£H be controlled into a non-polarized light state in which the 
^ intensity ratio of the s-polarized light component to the 
Jfj5 p-polarized light component is 1:1. 
"±! [Example 3] 

^ A 180 nm- thick titanium oxide film, a 2 65 nm- thick silicon 

oxide film, a 180 nm-thick titanium oxide film, a 265 nm-thick 
silicon oxide film, a 180 nm-thick titanium oxide film, a 265 

20 nm-thick silicon oxide film and a 242 nm-thick aluminum oxide 
film were laminated successively in the same manner as in Example 
1 to thereby produce a multilayer film for use in a polarizing 
filter. The optical film thickness of each of the layers was 
equivalent to 0.25X when the wavelength (A) of incident light 

25 was 1550 nm. 
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Incidentally, for evaporation of the titanium oxide layer, 
an oxygen gas was introduced so that the pressure became 0.012 
Pa. For evaporation of the silicon oxide layer and the aluminum 
oxide layer, no gas was introduced. 

The transmittance of the s-polarized light component and 
the transmittance of the p-polarized light component were measured 
in the same manner as in Example 1. Fig. 4 shows results of 
the measurement. 

When the angle of incidence of light was made 40 degrees, 
the transmittance intensity ratio of the s-polarized light 
component to the p-polarized light component was 1:2. Hence, 
it is apparent that, when the polarizing filter obtained in Example 
3 is used, incident light in a state in which the intensity ratio 
of the s-polarized light component to the p-polarized light 
component is 2:1 with respect to a wavelength of 1550 nm can 
be controlled into a non-polarized light state in which the 
intensity ratio of the s-polarized light component to the 
p-polarized light component is 1:1. 
[Example 4] 

A 195 nm-thick titanium oxide film, a 287 nm-thick silicon 
oxide film, a 195 nm-thick titanium oxide film, a 287 nm-thick 
silicon oxide film, a 2 62 nm-thick aluminum oxide film were 
laminated successively in the same manner as in Example 1 to 
thereby produce a multilayer film for use in a polarizing filter. 
The optical film thickness of each of the layers was equivalent 



to 0.27A when the wavelength (A) of incident light was 1550 nm. 

Incidentally, for evaporation of the titanium oxide layer, 
an oxygen gas was introduced so that the pressure became 0.012 
Pa. For evaporation of the silicon oxide layer and the aluminum 
oxide layer, no gas was introduced. 

The transmittance of the s-polarized light component and 
the transmittance of the p-polarized light component were measured 
in the same manner as in Example 1. Fig. 5 shows results of 
the measurement. 

When the angle of incidence of light was made about 40 degrees, 
the transmittance intensity ratio of the s-polarized light 
component to the p-polarized light component was 1:3.57. Hence, 
it is apparent that, when the polarizing filter obtained in Example 
4 is used, incident light in a state in which the intensity ratio 
of the s-polarized light component to the p-polarized light 
component is 3.57:1 with respect to a wavelength of 1550 nm can 
be controlled into a non-polarized light state in which the 
intensity ratio of the s-polarized light component to the 
p-polarized light component is 1:1. 
[Example 5] 

A 265 nm-thick magnesium fluoride film, a 229 nm-thick 
aluminum oxide film, a 2 65 nm-thick magnesium fluoride film, 
a 229 nm-thick aluminum oxide film, a 265 nm-thick magnesium 
fluoride film, a 229 nm-thick aluminum oxide film and a 251 nm-thick 
silicon oxide film were laminated successively in the same manner 
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as in Example 1 to thereby produce a multilayer film for use 
in a polarizing filter. The optical film thickness of each of 
the layers was equivalent to 0.24A when the wavelength (A) of 
incident light was 1550 ma. 

The transmittance of the s-polarized light component and 
the transmittance of the p-polarized light component were measured 
in the same manner as in Example 1. Fig. 6 shows results of 
the measurement. 

When the angle of incidence of light was made about 4 5 degrees, 
the transmittance intensity ratio of the s-polarized light 
component to the p-polarized light component was 1:1.33. Hence, 
it is apparent that, when the polarizing filter obtained in Example 
5 is used, incident light in a state in which the intensity ratio 
of the s-polarized light component to the p-polarized light 
component is 1.33:1 with respect to a wavelength of 1550 nm can 
be controlled into a non-polarized light state in which the 
intensity ratio of the s-polarized light component to the 
p-polarized light component is 1:1. 
[Example 6] 

A 190 nm- thick titanium oxide film, a 294 nm-thick magnesium 
fluoride film, a 207 nm-thick zirconium oxide film {refractive 
index : 1.95), a 279 nm-thick silicon oxide film and a 255 nm-thick 
aluminum oxide film were laminated successively in the same manner 
as in Example 1 to thereby produce a multilayer film for use 
in a polarizing filter. The optical film thickness of each of 
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the layers was equivalent to 0.2 6A when the wavelength {A) of 
incident light was 1550 nm. 

Incidentally, for evaporation of the titanium oxide layer 
and the zirconium oxide layer, an oxygen gas was introduced so 
5 that the pressurebecame 0. 012 Pa. For evaporation of themagnesium 
fluoride layer, the silicon oxide layer and the aluminum oxide 
layer, no gas was introduced. 

The transmittance of the s-polarized light component and 
the transmittance of the p-polarized light component were measured 
® in the same manner as in Example 1. Fig. 7 shows results of 
»p the measurement . 

\I When the angle of incidence of light was made 30 degrees, 

pi the transmittance intensity ratio of the s-polarized light 
q component to the p-polarized light component was 1:1.47. Hence, 

it is apparent that, when the polarizing filter obtained in Example 
JSJ 5 is used, incident light in a state in which the intensity ratio 

of the s-polarized light component to the p-polarized light 

component is 1.47:1 with respect to a wavelength of 1550 nm can 

be controlled into a non-polarized light state in which the 
20 intensity ratio of the s-polarized light component to the 

p-polarized light component is 1:1. 

[Comparative Example 1] 

The transmittance of the s-polarized light component and 

the transmittance of the p-polarized light component in the case 
25 where light with a wavelength of 1550 nm was made incident on 
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a soda lime glass plate with a size of 100 mm x 100 mm x 1.0 
mm thick were measured while the angle of incidence was changed 
variously in a range of from 0 to 85 degrees . Fig . 8 shows results 
of the measurement. 

It is apparent that, when the soda lime glass plate is used 
as a polarizing filter, the angle of incidence of light needs 
to be selected to be about 60 degrees in the case where incident 
light in a state in which the intensity ratio of the s-polarized 
light component to the p-polarized light component is 1.43:1 
with respect to a wavelength of 1550 nm must be controlled into 
a state of non-polarized light in which the intensity ratio of 
the s-polarized light component to the p-polarized light component 
is 1:1, or the angle of incidence of light needs to be selected 
to be about 75 degrees in the case where incident light in a 
state in which the intensity ratio of the s-polarized light 
component to the p-polarized light component is 2:1 with respect 
to a wavelength of 1550 nm must be controlled into a state of 
non-polarized light in which the intensity ratio of the s-polarized 
light component to the p-polarized light component is 1:1. 

This shows that the use of the soda lime glass plate as 
a polarizing filter in an optical device causes increase in size 
of a housing for the device, undesirably. 
[Comparative Example 2] 

The transmittance of the s-polarized light component and 
the transmittance of the p-polarized light component in the case 
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where light with a wavelength of 1550 nm was made incident on 
a quartz glass plate with a size of 100 mm x 100 mm x 1 . 0 mm 
thick were measured while the angle of incidence was changed 
variously in a range of from 0 to 85 degrees. Fig. 9 shows results 
5 of the measurement. 

It is apparent that, when the quartz glass plate is used 
as a polarizing filter, the angle of incidence of light needs 
to be selected to be about 62 degrees in the case where incident 
light in a state in which the intensity ratio of the s-polarized 
CP light component to the p-polarized light component is 1.43:1 
=p with respect to a wavelength of 1550 nm must be controlled into 
Si a state of non-polarized light in which the intensity ratio of 
|fl the s-polarized light component to the p-polarized light component 
O is 1:1, or the angle of incidence of light needs to be selected 
jffe to be about 85 degrees in the case where incident light in a 
■;~ state in which the intensity ratio of the s-polarized light 
? " a component to the p-polarized light component is 2:1 with respect 
to a wavelength of 1550 nm must be controlled into a state of 
non-polarized light in which the intensity ratio of the s-polarized 
20 light component to the p-polarized light component is 1:1. 

This shows that theuse of the quartz glass plate as apolarizing 
filter in an optical device causes increase in size of a housing 
for the device, undesirably. 
[Effect of the Invention] 
25 When the multilayer film for use in the polarizing filter 
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according to the present invention is used, light in which the 
intensity ratio of the s-polarized light component to the 
p-polarized light component is in a range of from 1:1 to 5:1 
with respect to a certain wavelength can be compensated into 
a state of non-polarized light in which the transmittance of 
the s-polarized light component is equal to the transmittance 
of the p-polarized light component, or non-polarized light with 
a certain wavelength can be polarized into light in which the 
transmittance ratio of the s-polarized light component to the 
p-polarized light component is in a range of from 1:1 to 1:5. 
When the multilayer film for use in the polarizing filter according 
to the present invention is used, the angle of incidence of light 
can be reduced so that the multilayer film can be preferably 
used in an optical device. Moreover, the multilayer film for 
use in the polarizing filter according to the present invention 
is excellent in economy because the number of layers to be laminated 
can be reduced. 



- 19 - 



